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ABSTRACT
This study employed a variety of immunological and biochemical approaches to 
characterize the process of antibody affinity maturation in rainbow trout (Oncorhynchus 
mykiss). Antibody affinity maturation was examined for responses to a T-cell dependent 
antigen, trinitrophenylated keyhole limpet hemocyanin (TNP-KLH), and a T-cell 
independent antigen, trinitrophenylated lipopolysaccharide (TNP-LPS). Isoelectric 
focusing spectrotype analysis o f purified antibodies was performed in parallel with 
affinity analysis to examine the possibility that the newly emergent, high-affinity 
antibody subpopulations can be correlated with any physically distinct antibody 
molecule(s) generated at a late stage of the immune response.
The results demonstrated that both the T-cell dependent antigen (TNP-KLH) and 
T-cell independent antigen (TNP-LPS) induced a statistically significant affinity increase
 ^ 1 ' S I
(the average association constant (Ka) rose from 0.3 x 10' L .m of to 3 x 10' L .m of ). 
TNP-KLH elicited antibodies exhibited a statistically significant affinity increase by 
twelve weeks post immunization. TNP-LPS stimulated an even more accelerated kinetics 
of induction, exhibiting notable elevation in antibody titer and affinity as early as five 
weeks post immunization. The data also demonstrated that antibody affinity maturation in 
trout is not simply due to a shift in the relative concentration of various affinity 
subpopulations comprising the original antibody repertoire, but also involves the 
emergence o f new, high-affinity antibodies. Isoelectric focusing revealed distinctly new 
antibody isoelectric forms which were directly associated with the newly emergent, high- 
affinity subpopulation. Thus, this study presents strong evidence for the molecular 
alteration of the antibody repertoire during affinity maturation. Sequence analysis of 
these novel forms should also help to resolve the immunoglobulin gene family usage in 
trout anti-TNP antibodies. Combined with genetic analyses, the methods and results of 
this study will allow definitive investigation on the molecular origin of affinity 
maturation in trout.
FUNCTIONAL AND M OLECULAR ANALYSIS OF ANTIBODY AFFINITY 
M ATURATION IN RAINBOW  TROUT (Oncorhynchus mykiss)
LITERATURE REVIEW
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I. Antibody diversification and its dynamics during the immune response
Antibodies protect the body from foreign substances by binding to the antigenic 
determinants (epitopes) that are expressed. This binding is of remarkable specificity and
o
affinity. The mammalian immune system is capable of generating more than 10 different 
binding specificities, allowing the animal to recognize a broad universe of antigens, even 
including those that do not exist naturally (Sela, 1969). The tremendous diversity of the 
antibody repertoire is the product of the unique immunoglobulin (Ig) multigene family 
organization and recombination process, as well as the further diversification generated 
by the processes of repertoire shift and/or somatic hypermutation.
i. Immunoglobulin multi-gene organization and their rearrangement during mammalian B 
lymphocyte (B cell) development
Each Ig monomer consists of two identical heavy (H) chains and two identical 
light (L) chains, linked together by disulfide bonds. Each H chain and L chain is 
composed of a constant region ( C h and C l) and a variable region ( V h , V l) (Fig.l). The 
constant region defines the Ig isotype (eg. IgM, IgG, IgE, etc.), which is responsible for 
the effector function of the antibody molecule (e.g. complement activation, neutralization 
and hypersensitivity, etc.). The variable region determines the binding specificity of the 
Ig molecule. The ability of the genome to encode a seemingly infinite repertoire of 
antibody specificities has long fascinated immunologists. Extensive studies have 
demonstrated that the Ig gene segments are organized into separate clusters, consisting of
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Figure 1. A schematic diagram of the antibody structure
4the variable (V) region cluster, diversity (D) region cluster, junctional (J) region cluster 
and constant (C) region cluster for the H chain as well as the V, J, C, clusters for the L 
chain. Each of these clusters contains varying numbers of gene segments. During B cell 
development, each maturing B cell adopts a particular V(D)J recombination by randomly 
splicing one gene segment from each region (Fig 2). Enormous recombinatorial diversity 
is generated through this process. For example, the mouse H chain-encoding clusters 
consist o f about 300-1000 Vh genes, 13 D h genes, 4 Jh genes and 5 different Ch genes.
Its k  chain (the major L chain isotype in mouse) contains approximately 300 V k genes, 4
7 8J k  genes and a single C k  gene. Thus approximately 10 -10 antibody specificities can be 
generated through recombinatorial joining o f V(D)J segments and random association of 
H and L chains.
The molecular mechanisms for the recombination process in mammals have also 
been well defined (Gellert, 1997). The rearrangement is mediated by the interaction 
between the recombination activating gene products (RA G-1 and RAG-2) and the 
recombination signal sequences (RSSs) that flank each V, D, and J gene. The RSSs are 
conserved DNA sequences that are composed of a heptamer CACAGTG and a nonamer 
ACAAAAACC separated by an intervening sequence of either 12 or 23 bp. The heptamer 
and nonamer are arranged in a reverse repeat form at the flanking regions of two 
recombinable gene segments. This complementarity permits the bringing together of any 
two recombinable genes through the formation of the hair-pin structure mediated by the 
R A G -l/R A G -2 -  RSSs complex. A DNA double-strand break is then introduced and the 
two coding sequences are joined by DNA ligase.
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Figure 2. A diagram of the immunoglobulin gene rearrangement
6This gene rearrangement process, as well as the expression of R A G -1 and RAG-2, 
is specific to cell type and developmental stage. Generally, it is only observed during the 
development of B- and T-cells prior to the production of mature membrane Ig (mlg) and 
the T-cell receptors (TCRs) (Rajewsky, 1996). Interestingly, recent studies have shown 
that RAG-1, RAG-2 expression, as well as the actual rearrangement process, may be 
renewed in mature B-cells (Han et al., 1997a; Papavasiliou et al., 1997) and T-cells 
(McM ahan & Fink, 1998). This secondary rearrangement was postulated to serve as a 
rescue process for those cells which would otherwise be deleted because of their low- 
affinity or non-functional receptors (Liu, 1997). This discovery introduces an additional 
m echanism for further diversification and affinity maturation during immune response 
(Papavasiliou et a l ., 1997), in addition to the well-documented process of somatic 
hypermutation.
ii. Somatic hvpermutation and affinity maturation
The Ig gene rearrangement process generates an extensively diversified primary 
antibody repertoire, independent of antigen stimulation. This repertoire becomes even 
more dynamic during the course of the immune response by the induction of point 
mutations in the rearranged Ig V genes. This process of somatic mutation, together with 
the antigen-driven selection of the high-affinity antibody-bearing B cells, gives rise to 
further diversification of the antibody repertoire and results in marked antibody affinity 
increase.
Antibody affinity can be quantitatively determined by the association constant (
Ka = [Ab-Ag] / ([Ab] * [Ag]) or the dissociation constant (Kd = ([Ab]*[Ag]/[Ab-Ag]) of
7the antibody-antigen reaction. Long before the discovery of somatic mutation, the 
increase of antibody affinity during the course of the immune response, termed as affinity 
maturation, was described in mammals (Eisen & Siskind, 1964). Intuitively, this process 
can be simply accounted for by clonal selection of the high-affinity antibody-bearing B 
cells that exist in the pre-immune antibody repertoire. However, somatic mutation was 
found to concomitantly occur with the progressive increase of antibody affinity (Berek & 
Milstein, 1987). This suggested that the somatic hypermutation may be a primary 
molecular mechanism for the generation of new, higher-affinity antibodies, and thus, 
affinity maturation. This has been supported by various studies. For example, in the 
mouse anti-hydroxy-nitrophenyl-acetyl (anti-NP) response, a specific affinity-enhancing 
mutation at position 33 of the Vh 186.2 gene, which leads to a substitution of tryptophan 
with leucine, was frequently observed (Cumano & Rajewsky, 1986; Siekevitz et al.,
1987). By constructing this specific mutation in vitro and then transfecting the construct 
into a myeloma cell line, it was demonstrated that this single point mutation is sufficient 
to increase the affinity by reducing the dissociation constant (K<j) from 2xlO '6M to 
2x10~7M (Allen et al., 1988). Alternatively, the Kci of a human single-chain Fv (scFv, 
genetically engineered antibody fragments in which Vh and V l are connected on the 
same polypeptide chain by a flexible polypeptide spacer) decreased from 1.6x10' M to
1.3x10"1 'iVI through mutagenesis at multiple affinity modulating positions (Schier et al.,
1996). It has now been well established that the affinity maturation observed in mammals 
is prim arily due to somatic hypermutation and the subsequent antigen-driven selection 
(Berek & Milstein, 1988).
8Both mathematical models (Allen et al., 1987) and experimental data (Berek & 
Milstein, 1988; Sablitzky, Wildner & Rajewsky, 1985) have estimated the hypermutation 
rates as being 10~3 to 10"4 per base pair per generation, which is approximately 106 times 
higher than the spontaneous mutation rate in other genes. These mutations are mainly 
point mutations, restricted to a region of 1-2 kb downstream from the promoter of the 
rearranged antibody V genes (Pech et al., 1981). These mutations manifest apparent 
strand bias, reflected by the unequal frequency of C—> T transitions versus G —>A 
transitions in anti-phosphoryl choline (PC) cDNA clones (Levy et al., 1989), as well as 
by the overall preferred mutations of purines versus of pyrimidines in mouse anti- 
phenyloxazolone (phOx) antibodies (Betz, Neuberger & Milstein, 1993a). Mutation 
hotspots defined by the local DNA sequence were frequently observed (Betz et al.,
1993b; Lebecque & Gearhart, 1990). A consensus sequence Pu-G-Py (Pu=purine, 
Py=pyrimidine) has been proposed as a favored target for mutation (Rogozin & 
Kolehanov, 1992). This hot spot was consistently observed in mutations of the anti-PhOx 
antibody VkOx-1 gene (Wagner & Neuberger, 1996), as well as in the hypermutable 
transgenes that carry a non-Ig sequence in place of a V gene (Yelamos et al., 1995). The 
hypermutations in non-Ig transgene constructs, such as the human (3-globulin gene or the 
bacterial chloramphericol acetyl transferase gene, which occur when under the control of 
Ig promoter and enhancer (Peters & Storb, 1996), suggest that the Ig V gene itself may 
not be necessary to recruit mutational machinery. The only type of sequence that appears 
to be uniformly retained in all hypermutable transgene constructs are Ig enhancers, 
including the Vh intron enhancer (Sohn et al., 1993), the k intron enhancer (Yelamos et 
al., 1995), and the X enhancer (Storb, 1996). However, these enhancers share little
9homology and the mechanisms of how they might mediate somatic mutation is not clear. 
No specific mutation trans-active proteins have been identified so far. However, 
transcriptional factors (Storb, 1996), the DNA mismatch repair system (Cascalho et al., 
1998; W inter et al., 1998), and DNA polymerase (Sale & Neuberger, 1998; W inter & 
Gearhart, 1998) have all been proposed for playing roles in somatic mutation. Despite all 
of the molecular information we have, the molecular mechanism for somatic 
hypermutation is yet to be completely understood.
Somatic hypermutation is a highly regulated process, restricted to a subset of B 
cells which progress through the memory B cell differentiation pathway (Neuberger & 
Milstein, 1995). Proliferating B cells activated by the B cell mitogen, lipopolysaccharide 
(LPS), bear few mutations in their rearranged Ig V genes (Manser, Huang & Gefter,
1984). Similarly, no new mutations are found to accumulate in myelomas or hybridomas 
during their extensive proliferation (Bruggemann et al., 1986). Somatic mutation is also 
temporally restricted to a narrow window during the immune response. In mouse models, 
the occurrence of somatic mutation is detected from day seven through day fourteen post 
immunization in hybridomas (Kaartinen et al., 1983), and from day five to day seven 
when splenic cell cDNA clones are examined (Levy et al., 1989). Accordingly, 
antibodies produced during the early stage of the primary response demonstrate few 
mutations and exhibit low affinity, whereas late stage primary antibodies or antibodies 
produced upon secondary immunization exhibit markedly increased affinity and are 
characterized by high rates of point mutation in their rearranged Ig V genes.
Somatic mutation has historically been considered a T cell dependent process.
This is based on the observation that somatic mutation could be induced by immunization
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with the T-cell-dependent form of NP, NP-chicken gamma globulin (NP-CGG), but not 
by the T-cell-independent forms of antigen, such as NP-ficoll (Maizels & Bothwell,
1985). The in vitro somatic hypermutation model also demonstrated that somatic 
mutation requires T cell help, whereas simple B-cell proliferation stimulated by LPS is 
insufficient to induce somatic mutation (Kallberg et al ., 1996; Zan et a l ,  1999). More 
detailed studies have shown that cell-cell contact, mediated by B cell surface molecule 
CD40 and its ligand (CD40L) on T cell surface preferentially directs B cells toward 
memory B cell formation, rather than into plasma cell differentiation, and hence favors 
somatic mutation (Liu & Banchereau, 1997).
These sophisticated interactions are facilitated by a specialized microenvironment 
in the secondary lymphoid organs, called the germinal center (GC). Basically, the GC can 
be discriminated into two parts, the T cell zone or the periarteriolar lymphoid sheath 
(PALS) and the B cell zone or the follicle. Both sites accommodate T-cell/B-cell 
interaction. The bone marrow derived dendritic cells within the T cell zone are the most 
efficient antigen presenting cells for T cells, whereas the follicular dendritic cells (FDCs) 
within the B cell zone are specialized in retaining antibody-antigen immune complexes 
and presenting antigens to B cells. Upon antigen stimulation, the T cell zone is the first 
site o f B cell proliferation, yielding the majority of the early primary antibodies (Jacob, 
Kassir & Kelsoe, 1991; Kelsoe, 1995; Liu et a l ,  1991). Germinal centers are then formed 
4-5 days after immunization in the B cell zones. They are composed of proliferating B 
cells that undergo extensive somatic mutation, giving rise to a pool of memory B cells 
(Han et a l ., 1997b; MacLennan, 1994). These memory B cells are capable of secreting 
high-affinity antibodies upon encountering the same antigen again. Intense antigen driven
selection also occurs in germinal centers. B cells that bear low-affinity membrane Ig are 
eliminated through apoptosis (programed cell death) while those with high-affinity 
receptors survive. This positive selection was proposed to be mediated by the up- 
regulated expression of the apoptosis-inhibiting gene, bcl-2, in the high-affinity-mlg 
bearing B cells (MacLennan, Liu & Johnson, 1992). Negative selection is also required to 
prevent the development of any new autoantibodies that may be produced during the 
somatic mutation process. This may be mediated by the tolerance susceptibility of 
memory B cells to soluble antigen-antibody complexes (Linton, Rudie & Klinman,
1991). The microenvironment of germinal center is believed essential for somatic 
hypermutation, antigen-driven selection and affinity maturation. DNA sequence data 
have dem onstrated that after antigen stimulation, GC B cells were highly mutated while 
there are few mutations in B cells within the PALS (Jacob et a l ., 1991).
It is worth noting that in addition to the well-documented process of somatic 
hypermutation, there is another process, described as repertoire shift, which contributes to 
the further repertoire diversification and affinity maturation during immune response. In 
certain antibody responses, the late antibodies are the product of B cells which adopt 
completely different Ig gene assembling strategies (Allen et al., 1987). For instance, in 
the mouse anti-NP system, the repertoire shifts from X \-chain bearing antibodies in the 
early response to the k  chain antibodies in the late response (Berek & Milstein, 1987). In 
anti-phOx model, it was found that in contrast to somatic mutation, which results in 
increased antibody affinity, the repertoire shift improves the binding activity by 
increasing the on-rate constant of antibody-antigen interaction, a process that was 
described as kinetic maturation (Foote & Milstein, 1991). The molecular process
12
contributing to the repertoire shift is so far unknown. The recent discovery of secondary 
rearrangement process may represent an interesting link to it.
II. Fish antibody diversification and affinity maturation
Compared to the mammalian antibodies, the fish antibodies have been thought to 
possess lower diversity and affinity (Pasquier, 1982). Generally, teleost Igs have only one 
isotype, which is tetrameric and superficially analogous to the mammalian IgM  (Acton et 
al., 1971). However, some cartilaginous fish have been reported to possess an additional 
low molecular weight immunoglobulin as well. For instance, in Rajiformes, in addition to 
the 18S Ig which possesses a 70 kD H chain, a 9S Ig with a 45 kD H chain was also 
found (Kobayashi & Tomonaga, 1988). Molecular analysis confirmed that these Igs are 
encoded by different gene loci (Harding et al., 1990). In teleosts, low molecular weight 
Igs were also occasionally found, but they all seem to be different architectural subunits 
o f the same class of IgM based on the identical H chain structure (Litman, 1984; Lobb,
1985). The constant relative ratio of these different architectural forms during the 
immune response indicates that they may not have differential effector functions as do 
the multiple isotypes of the mammalian Igs.
Some indirect evidence implies that fish antibodies are also low in idiotype 
(antigen-binding site structure) diversity. In sharks, the low affinity antibody response to 
2-furyloxazolone-Brucella varied little among different individuals (Makelii & Litman, 
1980). In carp, the anti-DNP antibody was shown to have only small numbers o f IEF 
spectrotypes and these spectrotypes demonstrated little variation among outbred 
individuals (Machulla et al., 1979). These observations are regarded as indications of the 
restricted binding site diversity within these species. The restricted diversity o f the fish Ig
13
was thought to be due to their limited gene diversity. However, it was found that the 
elasmobranch fish Ig genes (Hinds & Litman, 1986; Hohman et al., 1993), and teleost Ig 
L chain genes (Ghaffari & Lobb, 1993) have an unusual gene organization called 
multicluster, wherein the V(D)J segments can already been joined together as germ-line 
genes. This arrangement virtually eliminates the possibility of recombinatorial 
diversification. However, teleost Ig H chains have adopted the typical V, D, J multigene 
organization as is found with the mammalian Igs (Amemiya & Litman, 1990; Ghaffari & 
Lobb, 1989). Furthermore, the number and variety o ffish  Vh genes are also comparable 
to that in mammals (Pilstrom & Bengten, 1996). In human Vh gene complexes, there are 
seven families (Matsuda et al., 1993), in mouse, fourteen (Tutter et al., 1991), and in 
rainbow trout, nine to eleven (Roman & Charlemagne, 1994) with a total number of more 
than 100 individual Vh genes. The RAG-1, RAG-2 expression and activity have also 
been identified in rainbow trout (Hansen & Kaattari, 1995; Hansen & Kaattari, 1996).
This molecular information suggests that the teleost IgH chain diversity should not be 
compromised by a lack of combinatorial diversification. Somatic hypermutation has not 
been proved to occur in teleosts as yet. Evidence for it, however, has been observed in 
poikilotherm vertebrates, including Xenopus (Wilson et al., 1992) and cartilagious fish 
(Hinds-Frey et al., 1993).
The lower vertebrates appear to lack the typical pattern of affinity maturation 
observed in the mammalian antibodies (Clem & Small PA, 1970). A marginal degree of 
affinity maturation has been evidenced in teleost species. For instance, the coho salmon 
anti-fluorescyl antibody affinity was compared to the rabbit anti-fluorescyl IgG 
antibodies. From three to eight weeks post primary immunization, the average association
14
“S I  S iconstant (Ka) for the salmon antibody increased from 4.3x10 M ' to 4.7x 10' M ‘ , whereas 
the Ka of the rabbit antibodies increased from l . l x l  05 M"1 to 1 .9xl07 M '1 (Voss EW, 
Groberg WJ & Fryer, 1978). In the channel catfish anti-DNP antibodies, the Ka increased 
from 1 .2x l06 M ’1 at month 1 to 1 l . l x l 0 6 MT1 at month 15 (Lobb, 1985). This is typical of 
the less-than 10-fold affinity increase observed in most lower vertebrates (Wilson et al.,
1992).
In addition to the suspected absence o f somatic mutation, many speculations have 
been made to interpret the apparent limited affinity maturation in teleosts. One contention 
holds that this restriction is due to a lack of isotype switching in the fish Ig (Lobb & 
Olson, 1988). This presumption is based on the observation that the affinity maturation 
and somatic mutation occur primarily in the IgG antibodies, whereas the IgM antibody 
affinity maturation is very similar to what was observed in the fish Ig (Neri et al., 1978) 
(Gearhart et al., 1981). However, even though isotype switching and somatic mutation 
were formerly considered to be temporally and spatially correlated, studies show that 
isotype switching can occur in the lineage of naive B cells where few somatic mutations 
are identified (Siekevitz et al., 1987). This indicated that these two processes may be 
mechanistically independent. Therefore, the lack of isotype diversity in fish may not 
necessarily predict the limitation of somatic mutation and affinity maturation. In fact, 
extensive mutations have been identified in the mouse anti-NP IgM antibodies in the late 
primary antibody response (Tao, Hardardottir & Bothwell, 1993). The production of 
high-affinity IgM antibodies without class switching was also reported in a human graft 
rejection response (Lee et al., 1998).
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Another possible reason as to why somatic mutation may be limited involves the 
multivalency o ffish  Ig molecules. Theoretically, antibody affinity, also called intrinsic 
affinity, is defined as the equilibrium binding-constant of the reaction between a single 
antibody binding site and its epitope. Functional affinity, also called avidity, is the 
integrated binding activity of the multivalent antibody molecule with a multivalent 
antigen. Avidity depends on the intrinsic affinity, as well as the number and orientation of 
the multiple binding sites. One mathematical model predicts that, in a polyvalent 
antibody-antigen interaction, the dissociation rate could be several hours when the 
intrinsic Ka is as low as lC^M'1 (Jarvis & Voss EW, 1982). In light of this model, 
polyvalent low affinity IgM antibodies could be functionally indistinguishable from those 
high affinity IgG antibodies in their ability to retain antigens. This is also supported by 
experimental data. Fiebig et.al (Fiebig, Gruhn & Ambrosius, 1977) demonstrated that the 
minor increase in intrinsic affinity of carp IgM antibody during the immune response was 
equivalent to a logarithmic increase in functional affinity. Another study demonstrated 
that the mammalian IgM antibodies exhibited 10,000-fold higher avidity than IgG 
antibodies, when their intrinsic affinity were comparable (Hornick & Karush, 1972).
Based on these data, it is possible that the marginal affinity increase observed in fish 
tetrameric antibodies is functionally comparable to the marked affinity maturation of 
mammalian IgG antibodies. Conversely, the monomeric form of the mammalian IgG 
antibodies should require logarithmic increase to approximate the same degree of 
functional affinity as teleost IgM (Kaattari, 1994). The lack of a anatomically defined 
germinal center in the cold-blooded vertebrates (Kroese et al., 1985) may also pose a 
restriction for affinity maturation due to less efficient antigen-driven selection processes
16
(Wilson et al ., 1992). However, the absence of identifiable germinal centers may not 
preclude somatic mutation and affinity maturation. There is evidence in the mouse model 
demonstrating that a congenital germinal center defect do not lead to impairment of 
affinity maturation (Matsumoto et al., 1996).
III. ELISA-based antibody affinity assay and isoelectric focusing electrophoresis as 
tools for the study of affinity maturation
A significant problem with conventional analytical affinity techniques, such as 
equilibrium dialysis or fluorescence quenching, is that they require large amounts of 
purified antibodies and are only capable of measuring the average binding constants. 
Although these techniques can effectively detect the logarithmic affinity increases in 
mammalian serum antibodies, they are too insensitive for detecting small affinity 
increases as observed in fish (Killie, Espelid & Jorgensen, 1991; Lobb, 1985). The advent 
of biochip technologies brings biosensor-based instruments into the study of antigen- 
antibody interaction. By immobilizing one reactant on the surface of a sensor chip 
(BIAcore, Pharmacia, Sweden) or on the base of a stirred cuvette (IAsys, Affinity 
Sensors, UK) and detecting the formation of the antigen-antibody complex by monitoring 
the surface plasmon resonance, these instruments enable real-time affinity measurement 
using minimal amount of antibody (Edwards & Leatherbarrow, 1997; Hall & Winzor,
1997). Despite the augmented sensitivity and precision provided by this sophisticated 
technology, it still only detects the average affinity for heterogeneous antibodies. An 
ELISA-based solid phase affinity analysis, however, has proven to be a convenient and 
sensitive method assay for elaborate analysis of small affinity shifts, as occurs with fish 
antibody (Shapiro, 1996). By coating a microtiter plate with serial dilutions of antigen at
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limiting concentrations, this technique can effectively partition antibodies into discrete 
subpopulations based on their differential affinity. The affinity of each o f these 
subpopulations can be quantified by measuring the concentration of the inhibitor that is 
responsible for 50% reduction of the maximum antigen-antibody binding. Employing this 
technique, trout serum antibodies affinity profiles have been revealed shifting towards 
higher affinity subpopulations during the course of the immune response (Khor, 1996). 
Thus, it is now possible to precisely delineate the process of affinity maturation in fish 
and correlate it with the underlying cellular and molecular events.
Isoelectric focusing (IEF) has also been used for antibody repertoire analysis for 
decades. M achulla et. al. (Machulla et al., 1979) used IEF to analyze the heterogeneity of 
the carp anti-dinitrophenol (DNP) antibody. Less than 23 antigen-binding bands were 
found distributed between pH 4 to pH 6.4. The LPS-stimulated mouse pre-immune 
antibody repertoire was analyzed by IEF (Nezlin & Lefkovits, 1998) and revealed 25 
clusters of ja chains (IgM heavy chains) and 52 spots of L chains. Since the expression of 
the antibody repertoire during the immune response is a highly dynamic process, it is 
logical to pose that if any modification changes the charge of an antibody molecule, that 
antibody variant could be easily identified by IEF. Further isolation of this new variant by 
IEF/SDS 2D electrophoresis should then be able to provide molecular information which 
will help resolve its genetic origin. This study attempts to examine the alteration of the 
antibody IEF spectrotype during the immune response and investigate its correlation with 
the affinity maturation that is profiled by the affinity ELISA technique described above.
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In summary, the extremely diversified antibody repertoire and its dynamic 
evolution during the immune response are determined by sophisticated molecular 
mechanisms, such as Ig gene rearrangement and somatic hypermutation. There is no 
definitive evidence supporting the lack of such molecular sophistication in the teleost 
antibody response. In contrast, there is substantial evidence of affinity maturation in fish. 
Therefore the apparent marginal, as compared to mammals, affinity maturation in fish 
could not preclude a comparable mechanistic complexity. Instead, more sensitive and 
sophisticated analytical techniques should be applied to analyze this process in these 
species so that their origin and function can be understood on the molecular level as well. 
This understanding should contribute significant insights into the evolution and 
regulation of immune function, as well as to lead to more sophisticated strategies for 
effective vaccine design.
MATERIALS AND METHODS
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Animals, immunization and bleeding
Eighty outbred rainbow trout (Oncorhynchus mykiss) were maintained at the 
National Fish Health Research Laboratory facilities, (U.S.G.S.) (Kearneysville, WV).
Fish were approximately one-year old with the body weight of about 50g at the beginning 
of the experiment. Fish of each immunization group were kept in separate tanks. Each 
fish was identified with a 11.5mm x 2 .1mm pit tag (Biomark, Boise, ID) implanted in the 
musculature under the dorsal fin as per manufacturer’s instructions. Primary 
immunization was administered intraperitoneally (i.p.) with 100 ug TNP-KLH or TNP- 
LPS emulsified in an equal volume of Freund’s complete adjuvant (FCA) (Sigma, St. 
Louis, MO). The final volume injected into each fish was 150 ul. The secondary 
immunization was given at twenty-two weeks post primary. Each fish was injected with 
lOug o f trinitrophenylated keyhole limpet hemocyanin (TNP-KLH) or trinitrophenylated 
lipopolysaccharide (TNP-LPS) emulsified with equal volume of Freund’s incomplete 
adjuvant (FIA) (Sigma) in a volume o f 150 ul. Control fish were injected with phosphate 
buffered saline (PBS) (1.9 mM NaH2P 0 4,8.4 mM Na2HPO4,0.15M  NaCl, pH 6 .8 ) 
emulsified with equal volume of FCA at week zero and 10 ug of the antigens emulsified 
with equal volume of FIA at week twenty-two. Blood (0.5-1.0ml) was collected from the 
caudal vessel of individual fish at 5, 12 and 21 weeks post primary immunization, and at 
5 and 12 weeks post the secondary immunization (27 and 34 weeks post the primary, 
respectively). Fish were anesthetized in water containing 3-aminobenzoic acid ethyl ester
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(Sigma) prior to injection or bleeding. After clotting at 4°C overnight, the blood samples 
were centrifuged at 500%g for 15 minutes. Serum was collected and stored at -80°C.
Antigens
TNP-KLH and TNP-LPS were chosen for the T-cell-dependent (TD) and T-ce 11- 
independent (TI) antigens, respectively. The TNP-KLH antigen was made at the protein 
concentration of 3.02 mg/ml with a haptenation ratio of 0.094 mol TNP/g KLH using a 
standard procedure (Shapiro, 1996). The TNP-LPS antigen was diluted from a 10 mg/ml 
stock preparation with a haptenation ratio of 0.034 mol TNP / g LPS.
Antibody and immunoglobulin titration ELISA
The anti-TNP antibody activity was determined by the standard antibody titration 
ELISA (Stolen et a l., 1990). Briefly, wells o f a 96-well ELISA plate (Costar, Cambridge, 
MA) were coated at 4°C overnight with 0.05 ml per well of a 2 ug/ml TNP-bovine serum 
albumin (TNP-BSA) in coating buffer (15 mM Na2CC>3 ,3 5  mM Na2HCC>3, pH 9.6). After 
coating, remaining protein-binding surfaces were blocked with 200 ul 1% BSA in PBS 
with 0.1% Tween-20 (PBS-T) for 1 hr at room temperature. Plates were then washed three 
times with PBS-T. Serial dilutions o f serum samples were made in 1%BSA PBS-T, 
ranging from 1:25 to 1: 1,953,125 at a 5-fold intervals. Fifty ul of each dilution was 
loaded into the wells. The plates were incubated at room temperature for 1 hr. After 
washing with PBS-T three times, fifty ul of a 1:1000 dilution of a 1 mg/ml biotinylated 
mouse monoclonal antibody against trout immunoglobulin (1-14; (Dunier, 1985)) was 
added to each well. The plates were then incubated at room temperature for 1 hr. After
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washing with PBS-T, the plates were then incubated with 50 u 1/well of a 1:1000 dilution 
of 0.125 mg/ml strepavidin- horseradish peroxidase (SA-HRPO) (Sigma) for 1 hr. at 
room temperature. The plates were washed five times with PBS-T and then 100 ul of a 
solution containing 1 mM citric acid, 2% 2,2’-AZINO-bis(3-ethylbenz-thiazoline-6- 
sulfonic acid) (Sigma) and 0.1% hydrogen peroxide (Sigma) were added. Optical 
densities (OD) were read at 405nm. Each plate contained serial dilutions of a standard 
trout anti-TNP serum for normalization of the data. One unit of antibody activity was 
defined as the amount of activity that produced 50% of the maximum OD generated by 
the standard serum. Antibody activity was quantified in terms of units/ul, normalized 
according to the standard serum.
The activity of total immunoglobulin was determined using similar ELISA 
procedure, with the only modification of coating the microtiter plate with 0.05 ml 2 ug/ml 
anti-trout immunoglobulin monoclonal antibody, 1-14, per well.
Solid Phase Affinity Analysis
The trout anti-TNP antibody affinity was determined by using a standardized 
affinity ELISA technique (Shapiro, Adkison & Kaattari, 1996). Briefly, each row of a 96- 
well ELISA plate was coated with 100 ul/well TNP-BSA in seven 1:5 serial dilutions 
beginning with a concentration of 10 ug/ml. The plate was then incubated at 4°C 
overnight. After washing the plates three times with PBS-T, they were blocked with 200 
ul/well o f 1 %BSA-PBS-T. Fifty ul/well of serial, 5-fold dilutions of TNP-lysine starting 
at 10"3 M, were then loaded into each column to serve as an antigen-specific inhibitor. 
Fifty ul/well o f serum samples, which were diluted to contain 5 units of antibody activity,
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were then loaded into each well. Thus the row coated with the lowest antigen 
concentration captures only the highest affinity antibodies, and hence, each adjacent row 
coated with a higher concentration of antigen captured a slightly lower affinity 
subpopulation. The characteristic affinity of each of these subpopulations can be 
quantified by the equation:
aK= log (1/[H50]) (Nieto et al., 1984) 
where aK is the logarithm of the association constant. The [Hso] is the concentration of 
the hapten inhibitor, TNP-lysine, required to cause 50% reduction of the maximum OD 
for that coating antigen concentration (Nieto et a l., 1984). The percentage of antibody at 
each affinity subpopulation, P, can be calculated by subtracting the maximum OD of a 
row with lower coating antigen concentration from the row with the next higher coating 
antigen concentration and then dividing by the latter. The weighted average affinity of the 
total antibody population can consequently be calculated as:
weighted average aK= Z (aKj x Pj) (Nieto, A. et.al. 1984)
Preparation of the immunoabsorbent matrix
Trinitrophenylated bovine serum albumin (TNP-BSA) was made at high and low 
haptenation ratios after the procedure o f (Garvey, Cremer & Sussdorf, 1977). Briefly, 
picrylsulfonic acid (TNBS) (Sigma) and BSA (Sigma) were mixed on a rotator at a molar 
ratio o f 1:1 or 15:1 in borate-buffered saline (BBS; 0.1 M H 3BO3 O.O3  M N a3B 0 3  3 10 
H2O, 0.15 M NaCl) at room temperature by rotating for two hours in a foil-wrapped tube 
to avoid light. The reaction was terminated by removing the excess TNP hapten on an 
anion exchange column AG1X2 (Biorad, Hercules, CA). The products were then
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dialyzed against PBS and concentrated afterward. The protein concentration and 
haptenation ratios were determined spectrophotometrically using the formula:
OD28() = 0 .5 1 x [BSA]m„i/] + 0.337 x 1.25 x I04 x [TNP]„10]/I 
OD84o = 1.25 x 104 x [TNP] mol/1 
The haptenation molar ratios were determined to be 0.9 (TNPo.y-BSA) and 14 (TNP14- 
BSA) for low and high TNP conjugations, respectively. The hapten-protein conjugates 
were then linked to Sepharose-4B (Sigma) as per m anufacturer’s instructions at a 
concentration of 8 mg protein per ml Sepharose beads.
Immunopurification and affinity fractionation of trout anti-TNP antibodies
Trout anti-TNP antiserum was incubated with the TNP0.9-BSA or T N P 14-BSA 
conjugated beads in a Bio-Spin chromatography column (Biorad), rotating at 4°C 
overnight. After incubation, the column was washed with ten bed-volumes o f PBS. The 
effluent from the TNP0.9-BSA was then re-purified on the T N P 14-BSA beads. The 
absorbed antibodies were eluted with the hapten, KTM  TNP-lysine solution in PBS. The 
free or antibody-bound hapten in the eluate was removed by absorption on the anion 
exchange resin Dowex 1 x8  (J.T. Baker, Phillipsburg, NJ) using a batch method. The 
purified antibodies were concentrated, stabilized in 50% glycerol and stored at -20°C.
The purification efficacy was confirmed by 12% SDS-PAGE electrophoresis. Purity was 
confirmed by sole presence of the 72 and 25 kD antibody heavy and light chains. The 
protein concentration was estimated using the Lowry method (Lowry, 1951). The 
immunoglobulin concentration, antibody titer, and antibody affinity were determined 
using procedures described above.
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Isoelectric focusing electrophoresis
A vertical polyacrylamide minigel system (Robertson et a l., 1987) was employed 
to perform isoelectric focusing, using the Hoffer SE 250 Mighty Small II vertical slab 
unit (Hoffer Scientific Instrument, San Francisco, CA). The gel was composed of 30% 
acrylamide (acrylamide/bis-acrylamide ratio = 16.7/1), 8 M urea, 10% glycerol, a 5% 
ampholytes (Biorad) mix (one part of pi 3-10 and one part of pi 5-7) and 0.4% TritonX- 
100. The gel mixture was degassed for lOmin before casting. The purified antibody 
samples were prepared in sample buffer (9 M urea, 2% ampholytes, 4% TritonX-100 and 
2% p-mercaptoethanol) and equilibrated for 2hrs at room temperature. Prior to loading 
the antibody samples, the gels were pre-focused at 200V for 30 min, using 50 mM NaOH 
as the cathode buffer and 25 mM H 3PO4 as the anode buffer. After pre-focusing, antibody 
samples and the IEF markers (Biorad) were loaded into the wells and the electrophoresis 
was performed at 300V for lh r followed by an increased voltage at 750V for 6  hrs. The 
temperature during electrophoresis was maintained at 10°C by a circulating cooling 
system (Fisher Scientific, Pittsburgh, PA). After electrophoresis, the gels were either 
sliced and prepared for the second dimension of reducing SDS-PAGE, or directly silver 
stained. The IEF spectrotypes were visualized by silver stain and analyzed using 
Alphalmager™ Gel Documentation & Analysis System (Alpha Innotech Co., San 
Leandro, CA). For the second dimension, the gel strips were sliced from the first 
dimension IEF gel and equilibrated in the Laemmli reducing sample buffer for 5min. Gel 
slices were then rinsed with the Laemmli running buffer and transferred to the top of 
second dimension gel. The second dimension electrophoresis was performed on a 12%
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gel as described by (Harlow & Lane, 1988) using a mini-protein II cell apparatus 
(Biorad).
Statistical analysis of trout anti-TNP antibody response
The trout serum antibody titer and affinity were examined at each of the five 
different time points during the immune response. Eight to thirty individual sera were 
analyzed for titer and affinity for each immunization group at each time point. The mean 
values and the 95% confidence interval were presented as the descriptive statistics. The 
paired student-t tests were performed to test the difference among different time points 
within each immunization group. The unpaired student-t-tests were applied to test the 
difference among different groups. The relative abundance of discrete affinity 
subpopulations was plotted as the affinity profile for each individual at each time point. 
The kinetics of the magnitude of each of these subpopulations was monitored over 
duration of the immune response.
Preparation for protein sequencing
After 2D electrophoresis, the gels were transblotted by wet electrophoretic 
transfer onto the ProBlott™  polyvinyl membrane (Applied Biosystem Inc. Foster City, 
CA) and stained with Coomassie blue R-250 per manufacturer’s instruction. The 
membrane was air-dried and the protein spot of interest was removed, stored at -20°C, 
ready for N-terminal amino acid sequencing performed by a sequencing facility 
(Louisiana State Univ. Medical Center, New Orleans, LA).
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RESULTS
1. The magnitude and kinetics of the serum antibody response to 
trinitrophenylated keyhole limpet hemocyanin (TNP-KLH) and 
trinitrophenylated lipopolysaccharide (TNP-LPS)
1.1 Both TNP-KLH and TNP-LPS elicited specific antibody response, but no secondary 
response was observed
The magnitude of the TNP-specific serum antibody titer was analyzed using the 
titration ELISA. Both TNP-KLH and TNP-LPS elicited specific anti-TNP antibody 
response. No cross reactivity was observed to the unrelated antigen, such as BSA. The 
antibody titer remained low or undetectable up to five weeks post primary immunization. 
At that time the average titers were 2 units/ul and 104.6 units/ul for the TNP-KLH and 
the TNP-LPS elicited responses, respectively. At week twelve, the average titers 
increased to the peak value of 2075.9 units/ul for the TNP-KLH group and 493.3 units/ul 
for the TNP-LPS group. The titer then gradually declined, but still retained a significant 
magnitude as late as thirty-four weeks post primary immunization, with the average titers 
of 599.9 units/ul for TNP-KLH group and 140.9 units/ul for TNP-LPS group (Fig. 3). In 
contrast to what is observed in mammalian immune response, the low dose secondary 
immunization at week twenty-two did not elicit heightened antibody response. 
Implications of this will be discussed later.
27
I
—♦ — TNP-KLH 
—• — TN P-L PS 
—♦ — TNP-KLH control 
HMf— T N P-L PS  control
wk12 wk21 wk
________weeks post immunization
Figure 3. The average anti-TNP antibody titers during the immune response. Fish were 
immunized with lOOug TNP-KLH (n=30) or TNP-LPS (n=30) at week zero. A secondary 
immunization with lOug o f TNP-KLH or TNP-LPS was administered at week twenty- 
two. Each control group (n=10) only received the injection o f lOug antigen at week 
twenty-two, without being primed at week zero.
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1.2 TNP-KLH and TNP-LPS stimulated different kinetic of induction of serum
antibody response
The T-cell dependent antigen, TNP-KLH, and T-cell independent antigen, TNP- 
LPS, stimulated different antibody responses with respect to the kinetic induction. TNP- 
KLH induced a higher overall serum antibody titer, achieving an average peak value of 
approximately 2 0 0 0  units/ul at week twelve and a sustained level of 600 units/ul at week 
thirty-four (Fig. 3). Both values were approximately four-fold greater than the titers 
observed with the TNP-LPS elicited response assayed at the same time. The antibody 
response to TNP-LPS, however, presented a more accelerated kinetics. The serum 
antibody titer o f this group rose to a significant level (140.6 units/ul) by five weeks post 
primary immunization, when the titer in TNP-KLH immunized fish remained virtually 
undetectable (< 1 unit/ul). The antibody activity then significantly declined from week 
twelve to week twenty-one, whereas the titer of the TNP-KLH group plateaued during 
that period and decreased only after week twenty-one.
2. Affinity maturation of the trout antibody response
2.1 The average aK o f the anti-TNP antibody increased significantly from 4.5 to 5.5 
during the immune response, equivalent to an increase o f association constant from 0.3 x 
105 L. m o f1 to 3 xlO 5 L. m ol'1.
The trout anti-TNP antibody affinity was analyzed by using affinity ELISA (see 
appendix I for individual measurements). The trout anti-TNP antibody affinity 
demonstrated an obvious, progressive maturation. A significant increase in the average 
aK occurred over time (Fig. 4), with the shifting affinity profiles expressing higher
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affinity subpopulations at later stages of the immune response (Fig. 5 and 6 ). The base 
affinity level o f the natural or pre-immune antibodies was at a association constant (Ka) 
o f 0.3 xlO 5 L. mol"1, as reflected by the control fish. Significant affinity maturation was 
observed from week five to week twelve. The average aK continuously increased 
subsequent to week twelve and retained high value (aK=5.3 or 5.5, equivalent to an Ka of 
2-3 x 105 L. mol"1) until as late as week thirty-four.
2.2 The antibody affinity profile shifted towards high affinity subpopulations during the 
immune response and the highest affinity subpopulations appeared late in the response.
The total antibody activity from each individual was partitioned into discrete 
affinity subpopulations and grouped at aK intervals of 0.5. The relative proportion of 
subpopulations was plotted at each time point during the immune response. These affinity 
profiles delineated the continual increase in the proportion of high affinity subpopulations 
and the emergence of new, high-affinity subpopulations at late stage of the immune 
response (Fig. 5 and Fig. 6 ). The initial affinity profile was narrow with relatively low 
affinity, ranging from an aK of 4 to 5.5. The profile then shifted toward the high affinity 
subpopulations within this range and with new, high-affinity subpopulations, which 
possessed an aK value of 6.0 and 6.5, appeared late. These late emerging, high-affinity 
subpopulations assumed 5% to 20% of the total antibodies at twenty-one or thirty-four 
weeks post primary immunization.
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2.3 Low and high affinity subpopulations possessed different kinetics of induction
The titer of each of these affinity subpopulations was determined. The change of 
the subpopulation titers over time expressed different kinetics for the low and high 
affinity subpopulations. The lowest affinity subpopulation (aK=4.0) quickly diminished 
below detectable level after a limited initial appearance. The mid-range affinity 
subpopulations (aK=4.5-5.5), which were the dominant antibodies during the entire 
period of the immune response, exhibited similar kinetics characterized as a dramatic 
increase from week five to week twelve and an approximately 50% decline after week 
twelve or week twenty-one. The highest affinity subpopulations (aK=6.0 and 6.5) 
dem onstrated a distinctly different kinetics from either of these subpopulations. They 
were usually absent until late in the response at week twenty-one or later. The rate of the 
post-peak declination of these highest-affinity subpopulations was apparently slower than 
the other subpopulations (Fig. 7). This unique kinetics indicated that the highest affinity 
subpopulations were either newly synthesized or initially suppressed.
2.4 The antibody affinity sustained at the peak value or slightly increased after the 
secondary immunization
Despite the fact that the titer of the antisera declined after the secondary 
immunization, the antibody affinity was sustained or even slightly increased. The mean 
value o f the average aK of TNP-KLH primed fish continued to gradually increase from 5 
to 5.3 after the peak titer response at week twelve. The aK value at week thirty-four 
(twelve weeks after the secondary immunization), was significantly higher (P=0.045) 
than the peak value of the primary response at week twenty-one. The affinity profile also
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Table 3. The kinetics of the affinity subpopulation during the immune response to
TNP-KLH.
aK=4a aK=4.5 aK=5 aK=5 .5 aK= 6 aK=6.5
W k5b (n=18)c 0.5 ± 0.1d 0.8 ± 0.1 0.4 ± 0.1 0 0 0
W k l2  (n=19) 8.4 ± 14.1 277.9 ± 35.7 568.2 ± 29.8 306.9 ± 33.1 51.4 ± 13.6 0
Wk21 (n=21) 5.3 ± 14.7 373.2 ± 34.3 598.6 ±46.8 375.1 ± 66.5 167.1 ± 24.3 69.4 ± 37.1
Wk27 (n= 18) 12.1 ± 6.6 226.6 ± 44.8 245.7 ± 36.5 177.0 ± 25.8 151.8 ± 25.6 16.8 ± 8.2
W k34 (n=20) 6.9 ± 3.7 68.1 ± 8.1 126.8 ± 17 104.3 ± 11.8 43.5 ± 6.7 40.9 ± 9.7
a the apparent association constant determined by the ELISA-based, solid-phase affinity 
analysis
b weeks post the primary immunization
c the number o f samples that were analyzed at each time point. The variance in sample 
size was due to mortality or tag loss.
d mean ± SE of the titer of each affinity subpopulation at each time point. It was 
calculated as the total antibody titer multiplied by the percent of total antibodies 
possessing the specific aK
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Table 4. The kinetics of the affinity subpopulation during the immune response to
TNP-LPS.
aK=4a aK=4.5 aK=5 aK=5.5 aK=6 aK=6.5
W k5b (n=15)c 
W k l2 (n = 1 5 )  
Wk21 (n=26) 
Wk27 (n=22) 
W k34 (n=17)
5.9 ± 1.6d 
1.3 ± 0.9 
0.7 ± 0.5 
0.7 ± 0.7 
0.6 ± 0.6
22.5 ± 2.4
58.5 ± 9.8 
21.4 ± 2.6 
15.1 ± 1.7 
5.9 ± 1.5
17.6 ± 2.5 
126.8 ±13.4
55.0 ± 6.2
32.1 ± 5.2
30.7 ± 6.4
13.1 ± 3.1 
165.5 ± 22.1 
72.7 ± 6.9 
32.6 ± 4.6 
28.0 ± 4.4
4.2 ± 1.4
59.6 ± 11.1
56.6 ± 7.2  
39.4 ± 5.8 
29.9 ± 4.4
0
12.2 ± 6.6
22.1 ± 5.2
14.1 ± 3.0 
14.6 ± 4.7
a the apparent association constant determined by the ELIS A-based, solid-phase affinity 
analysis
b weeks post the primary immunization
c the number of samples that were analyzed at each time point. The variance in sample 
size was due to mortality or tag loss.
d mean ± SE o f the titer o f each affinity subpopulation at each time point. It was 
calculated as the total antibody titer multiplied by the percent of total antibodies 
possessing the specific aK.
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demonstrated a significant (P<0.05) new emergence of the aK=6.5 affinity subpopulation. 
A number of individuals exhibited this post-peak titer emergence of very high affinity 
subpopulations (see Appendix I, page 74, 87,89,90).
2.5 TNP-KLH and TNP-LPS immunized fish demonstrate different patterns of affinity 
maturation
TNP-LPS appeared to have stimulated a more rapid onset of affinity maturation 
compared to TNP-KLH. The TNP-LPS immunized fish demonstrated a significantly 
elevated average aK of 4.96 as early as five weeks post primary immunization, when the 
antibody affinity o f the TNP-KLH immunized fish remained the non-immune, base level 
of an average aK of 4.4. This early onset of affinity maturation was also illustrated by the 
affinity profile, where the profile of week five TNP-LPS group resembled the profile of 
week twelve TNP-KLH group (Fig. 5 and 6 , Table. 1 and 2). Both TNP-KLH and TNP- 
LPS immunized fish achieved a sustained peak affinity value with a Ka of 2-3 x 10' 5 L. 
m ol'1. The difference of the peak affinity between the two groups of antisera was less 
than 1.5-fold.
3. The efficacy of immunopurification and affinity fractionation
In order to link the emergence of the high affinity antibodies during affinity 
maturation with possible new molecular variants, antibodies from individual serum were 
purified at early (week five) and late (week twenty-one) stage of the immune response. A 
complete depletion of high affinity subpopulations from the late antibodies was also 
attempted by a competitive immunoabsorption technique. The change in the IEF
40
spectrotype of these antibody preparations could be compared with the shift of their 
affinity profiles.
The efficacy of antibody immunopurification was assessed by SDS-PAGE. The 
specifically enriched antibody heavy (H) chain (MW=72kD) and light (L) chain 
(MW =25kD) verified the selective purification (Fig. 8 ). There was no modification on the 
antibody affinity due to preparative artifacts, as was demonstrated by the consistent 
affinity profile before and after the immunopurification (Fig. 9).
A competitive immunoadsorbent column was made with a hapten-carrier 
conjugate possessing a low haptenation ratio (TNP0.9-BSA), in order to preferentially 
capture the high affinity subpopulations within the late antisera. The use of this adsorbent 
retained all the highest-affinity antibody subpopulation (aK=6.5) (Fig. 10A). The lower 
affinity subpopulations simply passed through the TNP0.9-BSA column and were then 
repurified on a T N P 14-BSA column (Fig. 10B), which was assumed to be able to bind all 
the anti-TNP antibodies regardless of affinity. Figure 10 demonstrated the successful 
separation o f the high affinity fraction, which contains the entire highest affinity 
subpopulation, the low affinity fraction, which was depleted of that highest affinity 
subpopulation. The comparison of the IEF spectrotype of these two fractions would then 
be able to identify the particular antibodies bearing the highest affinity.
4. Isoelectric focusing revealed a novel antibody IEF spectrotype in the late sera
4.1 Analyzing molecular variants of trout antibody by isoelectric focusing
IEF was performed to determine if the newly emergent, high affinity 
subpopulations were physically distinct from the other pre-existent subpopulations in the
41
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Figure 8 . Imm unopurified trout anti-TNP antibody #134 using TN P 14-BSA conjugated 
CNBr-activated Sepharose 4B beads (Sigma). The purified antibody (C) (containing 1 ug 
of protein) was electrophoresed along with equal amount o f the original antiserum (B) 
and the molecular weight marker (Biorad) (A). The molecular weight was displayed on 
the left. Protein bands were silver stained. Positions o f the heavy (H) and light (L) chains 
were marked with the red arrows.
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Figure 9. The purified antibody maintains the same affinity profile as in the original 
antiserum. Antiserum #134 was immunopurified using a TNP14-BSA conjugated CNBr- 
activated Sepharose 4B beads (Sigma). To demonstrate that all the affinity 
subpopulations were maintained after the purification procedure, the affinity profile of 
the original antiserum (A) was compared to that of the immunopurified antibody (B).
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Figure 10. Affinity fractionation of week twenty-one antibody #213 by competitive 
immunopurification. The high affinity fraction (A) was purified by using a TNP0 .9 -BSA 
conjugated CNBr-activated Sepharose 4B beads (Sigma). The low affinity fraction (B) 
derived from the non-adherent effluent from the TNP0 .9 -BSA column and then repurified 
by immunoabsorption on a TNP14-BSA conjugated column.
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early sera. The IEF system was capable of resolving 9-13 distinguishable isoelectric 
bands within the purified trout anti-TNP antibodies. The isoelectric point (pi) calibration 
was based on the standard curve derived from IEF markers included on every gel. 
Densitom etry was performed using the Alphalmage Documentation & Analysis System 
(Alpha Innotech Co., San Leandro, CA). The IEF bands on the first dimension were 
matched to the pi spots resolved on the IEF/SDS-PAGE 2D gels. In this way, H or L 
chains were identified for each IEF band on the first dimension. The IEF spectrotype o f 
trout anti-TNP antibodies were found to be within a range from the pi of 4.5 to 8.2. The L 
chain was resolved to six to seven distinct spots on the 2D gel, ranging from the p i of 4.5 
to 8.2. Seven H chain p i species appeared as horizontally elliptic spots clustered within a • 
narrower range from the pi of 4.7 to 6.2 (Fig. 11).
4.2 Early and late antibodies possess different IEF spectrotvpes which correspond to the 
shifted affinity profiles
To determine whether affinity maturation can be correlated with the emergence of 
physically distinct molecular variants, the early and late antibodies of individual fish 
were purified and their IEF spectrotypes were analyzed. Interestingly, the antibody IEF 
spectrotype exhibited a notable change between week five and twenty-one, during which 
period significant affinity maturation occurred. Fish#134 (see Appendix I, page 73) was 
immunized with TNP-KLH and demonstrated significant affinity maturation with newly 
emergent, high affinity subpopulations at week twenty-one (Fig. 12-A and 12-B). Most of 
the IEF bands were present in both early and late sera at similar densities. An IEF band of
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(i 20 40 60 80 100 120 140 160 180 2 0 )
H Chain
L Chain
PEAK DIST HEIGHT AREA % ...Pi___ CHAIN
".1........ ............... 26... 188 ...749... ..7.7.. . 7.9 ...L ...
2 64 150 1031 10.6 7.1 L
3 87 100 592 6.1 6.4 H, L
4 95 104 495 5.1 6.2 H
5 121 144 1005 10.3 5.9 H
6 134 209 2256 23.1 5.7 H, L
7 143 175 998 10.2 5.5 H
8 152 182 1189 12.2 5.3 H, L
9 163 147 1431 14.7 4.9 H, L
Figure 11. Antibody IEF spectrotype analysis using IEF and IEF/SDS 2D electrophoresis. 
Densitometric analysis of a single dimension IEF was performed for an immunopurified 
week twenty-one antibody #151. Identification of individual H or L chain IEF spectrum 
on the first dimension were attempted by a second dimension electrophoresis for a 
duplicate lane of the one dimensional IEF. The Table displays the composite analysis 
results, including pi, FI/L chain designation and the density of each IEF band. The pis 
were determined based on a standard curve derived from a simultaneously 
electrophoresed IEF markers (Biorad).
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pi 7.1 was barely detected in the early antibody, however, it became substantial late in the 
response (Fig. 12-C and 12-D).
4.3 The new IEF spectrotype in the late antibodies is directly correlated with the newly 
emergent high-affinitv antibody subpopulation
To further confirm that the change of IEF spectrotype was affinity related, an 
affinity fractionation procedure was employed to physically remove the high affinity 
subpopulation from the late, high-affinity antisera and the consequent IEF spectrotype 
was analyzed. Fish #143 (see Appendix I, page 78), which was immunized with TNP- 
KLH, demonstrated significant affinity maturation from week five to week twenty-one 
(Fig. 13-A and 13-B). According with the shifted affinity profile, a new IEF spectrum of 
p i 8.2 was detected in the week twenty-one antibodies (Fig. 13-D and 13-E). When the 
highest affinity (aK=6.5) subpopulation was removed (Fig. 13-C), the pi 8.2 spectrum 
was markedly diminished (Figure 13-E). This result strongly substantiated a direct 
physical/functional link during antibody affinity maturation. There were several other pi 
species that were notably enhanced in the late antibodies, such as the spectrotypes o f pi
7.1 and p i 5.7. The IEF/SDS 2D analysis shown that the pi 8.2 and p i 7.1 represented L 
chain, and the pi 5.7 contained both H and L chains. Interestingly, the emergence of the 
striking pi 7.1 band was observed in three TNP-KLH induced late antibodies, but not in a 
TNP-LPS induced late antibody (Fig. 14)
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Figure 14. The IEF spectrotypes of TNP-KLH and TNP-LPS elicited antibodies. Three 
TNP-KLH and one TNP-LPS elicited late antibodies were immunopurifed tfom week 
twenty-one serum and loaded on the IEF gel at a protein concentration of 3 ug per lane. 
The pi marks were label on the left. Note the absence of the pi 7.1 band in the week 
twenty-one TNP-LPS antibody. A: IEF markers; B: TNP-KLH antibody #134; C: 
TNP-KLH antibody #143; D: TNP-KLH antibody #151; E: TNP-LPS antibody 
#235.
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5. Theoretical strategies for the examination of trout immunoglobulin Vh gene 
family usage by protein sequence analysis
Examination of the N-terminal amino acid sequences of the eleven known 
families of trout immunoglobulin Vh genes revealed that the first five to fourteen residues 
seemed to be family specific (Figure. 15). Therefore, the isoelectrically isolated novel H 
chains that are associated with high affinity could theoretically be N-terminal sequenced 
and allocated to a specific Vh gene family. However, three attempts of N-terminal amino 
acid sequencing were unsuccessful due to putatively blocked termini.
An alternative means to determine the Vh gene family utilization by the peptide 
fingerprint derived from cyanogen bromide digestion was examined. The potential 
peptides derived from cyanogen bromide digestion (which cleaves at the C-terminal of 
the methionine residue) was predicted for twenty-five trout immunoglobulin H chain 
sequences of the eleven known families, using a “protein cutter” program (copyright of 
Paul Liu, Dept, of Physical Sciences, Virginia Institute of Marine Science, Gloucester 
Point, VA). The predicted peptide fingerprints appear to be sufficiently differential as to 
permit Vh family designation (Fig. 16).
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Family I QTLTE S G P W  KKPLE AHKLT
QTLTE S G P W  KITGE AHKLT
Family V QTLTE S G P W  KKPGE SHKLT
QTLTE SGPGI KTPGE SNTLS
Family 11 QSLES IP S S P
Family III QTELT QPGSL
Family IV DEMDQ SPSQV
Family V I YELSQ PASMT
EELTQ PASMY
Family V II LELSQ PNVMV
Family V III QIVLT QAESV
Q W LT QAEQS
Family IX QSLTS S E S W
Family X D IE L I QSGPV
Family X I IS L T S SPAQL
Figure 15. The N-terminal sequence of trout immunoglobulin VH. The highlighted 
first five or fourteen amino acid residues are characteristic for each family which is 
designated by Roman numbers. The entire H chain sequences of members of the 
eleven families can be found in Appendix II
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DISCUSSION ^ *!
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I. The question of immunological memory in trout
Logarithmically-elevated antibody titer and affinity, as well as the increased 
sensitivity to the eliciting antigen subsequent to a secondary immunization, are 
characteristic features of the mammalian immunological memory response (Eisen, 1980; 
Griffiths et al., 1984). Although this current study gave no evidence of such a memory 
response occurring in trout (Fig. 3), yet a statistically significant increase in affinity did 
occur (Fig. 4). This result complicates the picture of piscine memory response, which has 
previously been reported to be absent in the trout (Dunier, 1985), but detected by other 
researchers (Arkoosh & Kaattari, 1991). Previously, these contradictory results were 
assumed to result from different immunization procedures and measurements of antibody 
activity. This study applied the same immunization and assay procedures for antibody 
titer as used in Arkoosh and Kaattari’s study (Arkoosh & Kaattari, 1991), where a 
significantly differentiated response did occur, but the elicitation of an enhanced antibody 
production was not observed in this current study. One possible reason for this could be 
the timing of immunization. In this study, the secondary immunization was administered 
in September at twenty-two weeks post primary immunization, when many o f the 
females were spawning. There has been a report indicating that sexually matured females 
can experience immunosuppression during the spawning season (Nakanishi, 1986). It is 
also possible that the fairly high concentration of serum antibodies at the time of 
secondary immunization may compete with the memory B cells for the injected antigen, 
leaving relatively few B cells with the opportunity of being stimulated. In this regard, in 
the previous Arkoosh and Kaattari study (Arkoosh & Kaattari, 1991), there had been a
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statistical diminution of the primary antibody response prior to the secondary challenge. 
Thus, it is possible that the titer must diminish before the antigen-specific B cells can 
compete with the free antibodies for the antigen and consequently lead to a boosted or 
memory response.
It should be noted that the lack o f a heightened antibody response after secondary 
immunization is not unusual in anti-viral or anti-toxin antibody responses. In mice, the 
anti-vesicular stomatitis virus (VSV) antibody response elicits a high affinity, IgG 
neutralizing antibody appearing as early as six days after viral infection. The neutralizing 
titer and antibody affinity then dropped slightly or stayed rather constant for over six 
months, conferring long-term protection, with no further enhancement of antibody 
production even after repeated boosts (Roost et al., 1995). In that case, the absence of 
heightened antibody response to further booster, however, was not considered as being 
due to a lack of immunological memory, because most of the elicited antibodies had 
already switched isotypes and possessed mutated V genes, which are the hallmarks of 
memory B cell progenies. Therefore, the term of “immunological memory” may be 
poorly defined if it is not characterized by definitive cellular and molecular criteria. The 
absence of the secondary response observed in this study may simply resemble an early 
onset of memory response at the late stage of primary response. It would then be of 
interest to determine if the late antibodies are physically distinguishable from antibodies 
early in the response. Both the functional and molecular data of this study indicate that 
although the major affinity subpopulations and IEF spectra pre-exist in the primary 
antibody repertoire, new higher-affinity antibodies seem also be produced later in 
response (Fig. 5, 6 , 12 and 13). Thus it is possible that these variants may be a physical
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indication of molecular changes comparable to those in the mammalian memory response 
(i.e. somatic hypermutation).
II. T-cell dependent (TD) and T-cell independent (TI) antigens induce comparable 
affinity maturation in trout
Another possible distinctive difference from the mammalian immune response is 
that the TI antigen, TNP-LPS, induced comparable, or even higher affinity increases than 
did the TD antigen, TNP-KLH (Lig.4).
It should be noted that the designation of T-cell dependency/independency is 
empirical and imprecisely defined even with the mammalian systems; T-cell independent 
antigens may not be absolutely independent of T-cell help in the elicitation of an antibody 
response, but simply receive T-cell help in a non-MHC-restricted manner (Mond, 1995). 
Typically, protein antigens or hapten-protein conjugates are TD antigens, as they can be 
directly recognized by the T cell receptor (TCR) in the form of peptide-M HC II complex 
on the surface o f antigen-presenting cells (APCs). The TI antigens, such as dextran and 
lipopolysaccharide (LPS), display highly organized and repetitive epitopes. These latter 
antigens are efficient in cross-linking B cell receptors but can not bind to TCRs and are, 
thus, designated TI antigens. This classical definition o f TD and TI antigens has been 
challenged by various experiments. Van Buskirk et al. reported a role for T cells in 
enhancing the response to the T-cell independent antigen polyvinylpyrollidine (PVP)
(Van Buskirk & Braley-Mullen, 1987). Letvin et al. (Letvin, Benacerraf & Germain,
1981) also demonstrated that rigorous depletion of T cells resulted in a markedly reduced 
in vitro response to TNP-Ficoll. TNP-LPS has been reported to be capable of inducing
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germinal center and memory B cell formation in rat (Liu et al., 1991). The induction of a 
secondary response by TNP-LPS was demonstrated to involve T cell help, because it only 
occurred in euthymic mice but not in congenic athymic (nude) mice (Zhang, 1990). 
Therefore, conventional TI antigens, like hapten-LPS conjugates, may be capable of 
eliciting both T-cell help and affinity maturation.
This study demonstrated that TNP-LPS could induce accelerated antibody 
production in the early response and yet not achieve the titers as high as that observed 
with TNP-KLH (Fig. 3). Similar differential patterns were found in TI antigen induced 
mammalian antibody responses (Liu et al., 1991; Maizels & Bothwell, 1985). This may 
reflect the employment of different antigen presentation pathways. Generally, the TD 
antigens elicit marked antibody response only after being presented to T cells and 
eliciting T-cell help. The ordered repetitive epitopes on TI antigens, however, can 
directly cross-link B cell receptors and readily activate complement components and NK 
cells (Mond, Lees & Snapper, 1995), therefore couples the adaptive and innate immunity 
together, leading to rapid antibody production and quick clearance o f antigen (Lees et a l., 
1994). It is worth noting that many cytopathic viruses, such as foot-to-mouth- disease 
virus (Borca et a l., 1986) and vesicular stomatitis virus (VSV) (Freer et al., 1994) tend to 
induce TI antiviral antibody responses with similar kinetic patterns which induce rapid 
protection after viral infection (Szomolanyi-Tsuda & Welsh, 1998). This rapid kinetics 
o f induction, together with the relatively higher antibody affinity elicited by TNP-LPS, 
appears to indicate that the LPS carrier may be a more efficient activator of lymphocytes 
than the protein carriers in respect of inducing a rapid protective antibody response.
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III. Antibody repertoire diversity analyzed by antibody IEF spectrotype
IEF spectrotype has been used for the analysis of antibody repertoire diversity in 
fish (M achulla et al., 1979), Xenopus (Hsu et al., 1991) and mammals (Nezlin & 
Lefkovits, 1998). One limitation o f this method is that the IEF spectrotype may not 
conclusively differentiate every antibody in the expressed repertoire, unless each 
antibody has a distinctly different p i which can be resolved by IEF electrophoresis. In 
other words, an actual change in the antibody repertoire may be masked if that change 
does not modify the apparent pi. However, any detectable change in antibody IEF 
spectrotype would be a positive indication of the alteration in antibody repertoire. 
Therefore, this study focused on the elicitation of any difference in the IEF spectrotype. 
Such a difference was observed in two out of three individual serum antibodies that were 
examined. These different spectrotypes were acquired at late stage of the immune 
response (Fig. 12, 13). These findings revealed a direct correlation between affinity 
maturation and the de nevo generation of physically distinct antibody molecules. Further, 
isolation o f the specific IEF spectra on IEF/2D electrophoresis can lead to a molecular 
insight of the dynamics of antibody repertoire during the immune response.
Isoelectric focusing of three TNP-KLH elicited late antibodies (#134, #143, #151) 
exhibited seemingly identical IEF spectrotypes, whereas the TNP-LPS induced late 
antibody (#235) possessed a different spectrotype, lacking the major L chain isoelectric 
form o f p i 7.1 (Fig. 14). The apparent homogeneity o f the IEF spectrotypes among 
different outbred individuals has been observed in earlier studies in other teleosts (Wetzel 
& Charlemagne, 1985). This relative homogeneity was considered to be a reflection of 
the restricted antibody diversity thought to exist in lower vertebrates (Du Pasquier, 1982).
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The differential IEF spectrotypes between the TNP-KLH and TNP-LPS elicited 
antibodies, however, has not previously been reported or examined, and offers a strong 
indication that the TD and TI forms of antigens may induce different components of the 
specific antibody repertoire. Sequence analysis o f the late emergent variant would 
provide confirmation on this and lead to a deeper insight into the molecular basis of the 
differential response to TD and TI antigens.
IV. The potential link between trout antibody affinity maturation and somatic 
hypermutation
A fundamental question concerning piscine antibody affinity maturation is 
whether it is simply conferred by the Darwinian-like selection of higher affinity B cells 
from the pre-existent repertoire, or does it also involve the generation of a further 
diversified repertoire through somatic hypermutation or/and repertoire shifts. The 
marginal affinity increase observed with fish tetrameric IgM antibodies is usually 
regarded as indication of the lack of somatic hypermutation. Because in mammals, the 
logarithmic affinity was conventionally observed to be restricted to IgG rather than in 
polymeric IgM (Eisen, 1980), and accordingly, the development of somatic 
hypermutation appeared to coincide with B cell switching from IgM to IgG (Gearhart et 
al., 1981; Levy et al., 1989). However, substantial data suggest that isotype switching 
and somatic mutation are two mechanistically independent processes. Siekevitz et al. 
(Siekevitz et al., 1987) have shown that isotype switching could occur in the lineage of 
naive B cells, where few somatic hypermutations were identified. Also, more recently, 
extensive somatic hypermutation has been detected in late stage germinal center derived
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IgM antibodies (Tao et a l, 1993; Pascual et al., 1994). An in vitro model for somatic 
hypermutation further demonstrated that somatic hypermutation could be induced before 
and after isotype switching by stimuli different from those required for isotype switching 
(Zan et al., 1999). Thus, the isotypic structure of IgM should not preclude its ability to 
undergo somatic hypermutation. Also, the degree of affinity maturation does not appear 
to be a sensitive indicator for the generation of somatic mutants. In contrast to the 
concept of a solely affinity-based selection, some somatically mutated murine antibodies 
were found to be of exceptionally low affinity (Cumano & Rajewsky, 1986). Other 
researchers have also proposed that not all somatic hypermutations are subject to affinity 
selection. Some may be regulated by other factors, such as anti-idiotypic antibody (which 
competes the antigen biding site with the eliciting antigen) or the regulatory T cells 
(Allen et a l ,  1988). In fact, when there is stringent selection against high affinity 
antibodies, such as with the regulation of Rheumatoid factor (RF) autoantibodies, there is 
no affinity increase upon the accumulation of somatic hypermutations (Bprretzen et a l ,  
1994). Therefore, the lower degree of piscine antibody affinity may reflect the alternate 
regulatory influence. A study on the membrane IgM (mlgM) -m ediated human B cell 
apoptosis has shown that high affinity engagement (Ka= 5 x 108 L. mol"1) induced high 
level o f activation-related apoptosis, whereas low affinity mlgM  engagement (Ka=2 x 
1 0 6) induced moderate activation without apoptosis beyond the background level 
(Mongini et al., 1998). Coincidentally, the trout antibody affinity detected in this study 
seldom went above 3 x 106 L. mol’1. It is possible that the multivalency and higher cross­
reactivity o f IgM may require antibody affinity to be more restricted than is observed 
with the IgG antibodies. Other work has indicated that trout B cells may be under intense
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T suppressor (Ts) cell regulation (Kaattari et a l., 1986). Mammalian T suppressor cells 
were found to exert selective suppression on high-affinity antibody-bearing B cells 
(Urbain, 1977). Collectively, one should not infer that there is a lack of somatic 
hypermutation simply based on the observation of a marginal average affinity increase.
This study has presented a number of new features related to the affinity 
maturation in fish, by examining the affinity population distribution and the kinetics of 
the induction o f each affinity subpopulation. Newly emergent, high-affinity antibody 
subpopulations were detected at late stages of the response and these subpopulations 
dem onstrated distinctly different kinetics from the pre-existent subpopulations. These 
highest affinity subpopulations were not detected even after the intense expansion and 
selection of the primary repertoire observed from week five to week twelve post 
immunization, and only became detectable at week twenty-one or week thirty-four 
(twelve weeks post secondary immunization) (Fig. 7). Furthermore, the late emergence of 
these affinity-enhanced functional subpopulations was correlated with the emergence of 
physically distinct IEF spectrotypes in the late response. These observations indicate that 
the highest affinity subpopulations might be composed of distinct antibody molecules 
that are generated late in the response, and thus, could likely to be the products of somatic 
hypermutation.
The possibility, however, can not be excluded at this point, that these late- 
appearing high affinity antibodies may pre-exist in the primary repertoire at some 
extremely low frequency or be under selective suppression during early antibody 
response. Conclusive evidence of their deriving from somatic hypermutation requires 
examination of the coding sequences of these newly emergent variants and comparison to
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the germline counterpart. This can be accomplished by isolating these high affinity 
antibodies and resolving their amino acid sequences. This sequence information would 
then facilitate the construction of suitable molecular probes to monitor the occurrence of 
the postulated somatic hypermutation in antigen-specific B cells. Thus the isolation and 
identification of specific antibody IEF spectra via IEF/SDS 2D electrophoresis can 
provide the means to investigate anti-TNP antibody gene family usage and sequence 
alteration during immune response. This is feasible because the first five to fourteen N- 
terminal amino acid residues of the eleven known trout Vh gene families appear to be 
family specific (Fig. 15). Thus minimal N-terminal sequencing would be sufficient to 
reveal the specific VH family that encodes the antigen specificity. However, several 
unsuccessful trials of N-terminal sequencing implied that the N-terminus may be 
naturally blocked, which seems not unusual to immunoglobulin molecules (Scott et al., 
1988). Specifically, the trout immunoglobulin Vh family V, which was indicated to be 
utilized by TNP-specific B cells (T.D.Lewis, Dept, of Enironmental Sciences, Virginia 
Institute of Marine Science, Gloucester Point, VA, personal communication), possesses 
an N-terminal glutamine residue. This is the common precursor of the pyroglutamyl 
blocking group (Tsunasawa et al., 1998). To circumvent this problem, an alternative 
would be to examine the banding pattern o f cyanogen bromide digests (which cleaves at 
the C-terminal of methionine residue) of the purified heavy (H) chain. This approach has 
been assessed in this study. The predicted peptide fragment profiles of the eleven known 
trout Vh families appear to be sufficiently differential as to designate the specific Vh 
family (Fig. 16). This information should facilitate the molecular analysis of the
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immunoglobulin gene family usage and sequence alteration during fish antibody response 
and provide definitive information on postulated somatic hypermutation in teleosts.
CONCLUSIONS
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Several major observations and experimental developments o f this study are
summarized as follows.
1. Significant affinity increases occur in trout antibody responses to TNP-KLH and 
TNP-LPS. The average association constant increases from 0.3 x 105 L .m of1 to 3 x 
105 L .m o f1 during the immune response and stays constant up to thirty-four weeks 
post immunization.
2. Affinity maturation in trout involves newly emergent, high-affinity antibody 
subpopulations at the late stage of the immune response. These new, high-affinity 
subpopulations seem to exhibit a delayed appearance as opposed to other antibodies 
which present early in the response, corroborative of being the products of somatic 
hyper mutation.
3. Antibody affinity maturation in trout is associated with a corresponding change in 
IEF spectrotype. The newly emergent, high-affinity antibody subpopulation is 
directly correlated with a distinct antibody isoelectric form at late stage of the 
immune response.
4. Development of a immunopurification procedure which maintains an intact antibody 
affinity profile after purification.
5. Development of a competitive immunopurification procedure which enables selective 
removal o f high-affinity subpopulations from the total serum antibody.
6 . Development of an approach to examine trout immunoglobulin Vh gene family usage 
by protein N-terminal sequence data or by the differential banding patterns of H chain 
cyanogen bromide digestion.
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APPENDIX I. Individual data of trout anti-TNP antibody response
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9:
APPENDIX II. Rainbow trout (Oncorhynchus mykiss) immunoglobulin heavy chain 
protein sequences used for the analyses in this study.
Note: 1. All sequences are retrieved from EMBL nucleotide sequence database using the 
EMBL accession number. These DNA sequences range from FR1 to CH3.
2 .The nucleotide sequences are translated to protein sequences using a translate 
tool at http://www.expasy.ch/tools/dna.html
120
VHI-1 (S63348)
qtltesepvvkkpleahkltctasnldingywiawikqapgkglefvaahydirnivys 
qsvqgrftisrdnsmkqvylqmnslktedsavyycarvnngafdywgkgsmvtvssass 
taptlfplaqcgsgtgdmmtlgciatgftpasltfkwndeggnsltdfvqypavqtggs 
ymgesqlrvkradwdskkfecavehsagskkvpvkkqpeylqqpslyvmtpskeemsen 
ktasfacfandfsprthtikwmrmekgteqewsdfksscesekksettlysttsylrv 
nesewkseevtftcvfenkagnvrrtvgytssdgpvhghsvvitiiepsledmlmnkka 
hlcvmsmnsvpgfIsvkwendngktltsrkgvtdkiailditye
VH 1-2 (L28741)
qt11esgpwknpgephkltc tydgmsnnnadi swi rqapgkglewvchi s apsgadky 
ysksvqgtftisrdnskqqvylqmnnlktedsavyycagnnggnfdywgkgtmvtvsta 
sstaptlfplaqcgsgtgdmmtlgciatgftpasltfkwndeggnsltdfvqypavqtg 
gsymgesqlrvkradwdskkfecavehsagskkvpvkkqpeylqqpslyvmtpskeems 
enktasfacfandfsprthtikwmrmekgteqewsdfksscesekksettlysttsyl 
rvnesewkseevtftcvfenkagnvrrtvgytssdgpvhghsvvitiiepsledmlmnk 
kahlcvmsmnsvpgfIsvkwendngktltsrkgvtdkiailditye
VH 1-3 (X81490)
qtltesgpvvkitgephkvtctasgftfsnywmawirqapgkglewiahykydsaeiyy 
sqsvqgrftisrdnskqqvylqmnslktedsavyycargsrgpryiefdywgkgtmvtv 
ssasstaptlfplaqcgsgtgdmmtlgciatgftpasltfkwndeggnsltdfvqypav 
qtggsymgesqlrvkradwdskkfecavehsagskkvpvkkqpeylqqpslyvmtpske 
emsenktasfacfandfsprthtikwmrmekgteqewsdfksscesekksettlystt 
sy1rvnesewkseevtftcvfenkagnvrrtvgytssdgpvhghsvvitiiepsledml 
mnkkahlcvmsmnsvpg f1svkwendngktIts rkgvtdk i a i1di tye
VH II-l (X65262)
qslesipsspvqknpgetlslsckisgftfdshnthwirqpagkslewlgfsglglgyh 
akrfegrmettkdtsnsmltlmlsglrtedsavyycaravhwerdyfdywgkgtmvtvs 
tasstaptlfplaqcgsgtgdmmtlgciatgftpasltfkwndeggnsltdfvqypavq 
tggsymgvsqlrvkradwdskkfecavehsagskkvpvkkqpeylqqpslyvmtpskee 
msenktasfacfandfsprthtikwmrmekgteqewsdfksscesekksettlystts 
ylrvnesewkseevtftcvfenkagnvrrtvgytssdagpvhghsvvitiiepsledml 
mnkkaelvcdvielvpgfmsvkwendngktltsrkgvtdkiailditye
VH II-2 (X81509)
qslesipsnsvmkkpgetlslsckgsgytfssynthwirqpagkalewmgysglglgyh 
aksfagrmettkdnsnsmmtlklsglraedsavyycargrqrggsnafdywgkgtmvtv 
ssasstaptlfplaqcgsgtgdmmtlgciatgftpasltfkwndeggnsltdfvqypav 
qtggsymgvsqlrvkradwdskkfecavehsagskkvpvkkqpeylqqpslyvmtpske 
emsenktasfacfandfsprthtikwmrmekgteqewsdfksscesekksettlystt 
sylrvnesewkseevtftcvfenkagnvrrtvgytssdagpvhghsvvitiiepsledm 
lmnkkaelvcdvielvpgfmsvkwendngktltsrkgvtdkiailditye
121
VH III-l (L28742)
qteltqpgsltlqpgqpltlsckvsgysltstsyctgwvrqpagkalewvgymcgsgni 
yysdklknkfsisrdtssttvtltgqslqtedtvvyycaratgnyfdywgkgtmvtvst 
asstaptlfplaqcgsgtgdmmtlgciatgftpasltfkwndeggnsltdfvqypavqt 
ggsymgvsqlrvkradwdskkfecavehsagskkvpvkkqpeylqqpslyvmtpskeem 
senktasfacfandfsprthtikwmrmekgteqewsdfksscesekksettlysttsy 
1rvnes ewks eevt f tcvf enkagnvrrtvgyt s s dagpvhghswi t i i eps1edmlm 
nkkaelvcdvielvpgfmsvkwendngktltsrkgvtdkiailditye
VH III-2 (L28805)
qteltqpgsltlqpgqpltlsckvsgysltstsyctgwvrqpagkalewvgymcgsgni 
yysdklknkfsisrdtssstvtltgqslqtedtavyycarqttgynyfdywgkgtmvtv 
stasstaptlfplaqcgsgtgdmmtlgciatgftpasltfkwndeggnsltdfvqypav 
qtggsymgvsqlrvkradwdskkfecavehsagskkvpvkkqpeylqqpslyvmtpske 
emsenktasfacfandfsprthtikwmrmekgteqewsdfksscesekksettlystt 
sylrvnesewkseevtftcvfenkagnvrrtvgytssdagpvhghsvvitiiepsledm 
lmnkkaelvcdvielvpgfmsvkwendngktltsrkgvtdkiailditye
VH IV (L28744)
demdqspsqvkrpgdkfklsckisgfdmtnyymhwirqkpgkalewigvinsgstdapv 
ysdslkgqft1tedvststqfleaks1ssedsavyycarygngyfdywgkgtmvtvsta 
sstaptlfplaqcgsgtgdmmtlgciatgftpasltfkwndeggnsltdfvqypavqtg 
g symgvs qlrvkradwds kk fee avehs ag s kkvpvkkqpey1qqp slyvmtp s ke ems 
enktasfacfandfsprthtikwmrmekgteqewsdfksscesekksettlysttsyl 
rvnesewkseevt f tcvfenkagnvrrtvgyts sdagpvhghsvvi ti iepsledmlmn 
kkaelvcdvielvpgfmsvkwendngktltsrkgvtdkiailditye
VH V-l (u04616)
qtltesgpvvkkpgeshkltctasgftfssyamnwvrqapgkglewiayistastpiyy 
sqsvqgrftisrddsssklylqmnsIksedtavyycarssgsafdywgkgtmvtvssas 
staptlfplaqcgsgtgdmmtlgciatgftpasltfkwndeggnsltdfvqypavqtgg 
symgvsqlrvkradwdskkfecavehsagskkvpvkkqpeylqqpslyvmtpskeemse 
nktasfacfandfsprthtikwmrmekgteqewsdfksscesekksettlysttsylr 
vne s ewks eevt f t cvf enkagnvrrtvgyt s sdagpvhghsvvi t i i eps1edmlmnk 
kaelvcdvielvpgfmsvkwendngktltsrkgvtdkiailditye
VH V-2 (u04615)
qtltesesvvkkpgeshkltctysgfggnnwnawirqapgkglewvsaitssdggstyy 
sqsvqgqftisrdnskqqvylqmnslktedsavyycaregnyyrfdywgkgtmvtvssa 
sstaptlfplaqcgsgtgdmmtlgciatgftpasltfkwndeggnsltdfvqypavqtg 
gsymgvsqlrvkradwdskkfecavehsagskkvpvkkqpeylqqpslyvmtpskeems 
enktasfacfandfsprthtikwmrmekgteqewsdfksscesekksettlysttsyl 
rvnes ewkseevt f tcvfenkagnvrrtvgyt s sdagpvhghsvvi t i ieps1edmlmn 
kkaelvcdvielvpgfmsvkwendngktltsrkgvtdkiailditye
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VH V-3 (M57442)
q t l t e s e s v v k k p g e s h k l t c t y s g f g g n n w n a w i r q a p g k g l e w v s a i t s s d g g s t y y  
s q s v q g q f t i s r d n s k q q v y l q m n s l k t e d s a v y y c a r s s g s a f d y w g k g t m v t v s s a s  
s t a p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s l t d f v q y p a v q t g g  
s y m g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e e m s e  
n k t a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s c e s e k k s e t t l y s t t s y l r  
v n e  s  e w k s  e e v t  f  t c v f  e n k a g n v r r t v g y t  s  s d a g p v h g h s v v i  t  i  i  e p  s 1 e d m lm n k  
k a e l v c d v i e l v p g f m s v k w e n d n g k t l t s r k g v t d k i a i l d i t y e
VH V-4 (L28745)
q t l t e s g p g i k t p g e s n t l s c t t s g f t f s s y h m a w m k q a p g k g l e f v a f i h t g g s s p f y  
s q s i q g r f t i s r d d s s s k l y l q m n s l k s e d t a l y y c a r y t y n a f d y w g k g t m v t v s s a s  
s t a p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s I t d f v q y p a v q t g g  
s y m g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e e m s e  
n k t a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s c e s e k k s e t t l y s t t s y l r  
v n e  s  e w k s  e e v t  f  t c v f  e n k a g n v r r t v g y t  s  s d a g p v h g h s v v i  t  i  i  e p s 1 e d m lm n k  
k a e l v c d v i e l v p g f m s v k w e n d n g k t l t s r k g v t d k i a i l d i t y e
VH VI-1 (L28746)
y e l s q p a s m t v l p g q p l t i s c k v s y s v t n a w t a w i r k p a g k t l e w i g n v y s g v t q y k d s  
l k n k f s i s v d s s s n t v f l k g q n l q t e g s t v y y c a l p n g g h f d y w g k g t m v t v s t a s s t a  
p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s l t d f v q y p a v q t g g s y m  
g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e e m s e n k t  
a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s c e s e k k s e t t l y s t t s y l r v n e  
s e w k s e e v t f t c v f e n k a g n v r r t v g y t s s d a g p v h g h s v v i t i i e p s l e d m l m n k k a e  
l v c d v i e l v p g f m s v k w e n d n g k t l t s r k g v t d k i a i l d i t y e
VH VI-2 (X81496)
e e l t q p a s m t v q s g q p l t i s c k v s y s v g t y y t a w i r q p a p k t l e w i g m k y t g g t h h k d s  
l k n k f s i t v d s s s n t v t l t g q s l q t e d t a v y y c a r l g y d a f s y w g k g t m v t v s s a s s t a  
p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s l t d f v q y p a v q t g g s y m  
g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e e m s e n k t  
a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s c e s e k k s e t t l y s t t s y l r v n e  
s  e w k s  e e v t  f  t c v f  e n k a g n v r r t v g y t  s  s  d a g p v h g h s w i  t  i  i  e p s 1 e d m l m n k k a e  
1v c d v i  e 1v p g  f m s v k w e n d n g k t I t s  r k g v t d k i  a i l d i  t y e
VH VI-3 (X81494)
y e l t q p a s l t v q p g q p l t i s c k v s y s v s s y y t a w i r q p a g k t l e w i g y i s s g g g t a y k d  
s l k n k f s i t r d t s s n t l f l k g q s l q t e d t a v y y c a r l f f t f d y w g k g t m v t v s y a s s t a  
p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s l t d f v q y p a v q t g g s y m  
g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e e m s e n k t  
a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s c e s e k k s e t t l y s t t s y l r v n e  
s e w k s e e v t f t c v f e n k a g n v r r t v g y t s s d a g p v h g h s v v i t i i e p s l e d m l m n k k a e  
I v c d v i e l v p g f m s v k w e n d n g k t l t s r k g v t d k i a i l d i t y e
VH VII (L28747)
l e 1 s q p n v m v v k p g e  s i s  i  t c k v s g y s v s d s  s i s  f  a t g w v r k p a g k a m e w i  s h i w d n g d  
i y k n d a l k n k f  s  i  s  t h a s  s n s v s l q g k s l q p e d t a v y y c a r h p g n g r f d y w g k g t m v t v  
s s a s s t a p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s l t d f v q y p a v  
q t g g s y m g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e  
e m s e n k t a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s c e s e k k s e t t l y s t t  
s y l r v n e s e w k s e e v t f t c v f e n k a g n v r r t v g y t s s d a g p v h g h s v v i t i i e p s l e d m  
l m n k k a e l v c d v i e l v p g f m s v k w e n d n g k t l t s r k g v t d k i a i l d i t y e
VH VIII-1 (Y08889)
q v v l t q a e q s v q g t p a g s l k l t c a c s g f t l s s s y m h w i r q a p g k g l e w i i y y y s d s n k s  
n a p v v q g r f t g s k d s s n f y l h m s q l k p e d s a v y y c a r e l r g s y n y l d y w g k g t m v t v s t  
a s s t a p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s l t d f ' v q y p a v q t  
g g s y m g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e e m  
s e n k t a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s c e s e k k s e t t l y s t t s y  
l r v n e s e w k s e e v t f t c v f e n k a g n v r r t v g y t s s d a g p v h g h s v v i t i i e p s l e d m l m  
n k k a e l v c d v i e l v p g f m s v k w e n d n g k t l t s r k g v t d k i a i l d i t y e
VH VIII-2 (X81501)
q i v l t q a s q p g t p a g s l k l t c a c s g f t l s r g n m f w i r q a p g k g l e w i i y y y s d s d k s n a  
p w q g r f t g s k d s s n f y l h m s q l k p e d s a v y y c a r e l r g i a f d y s p k g r m v t v s s a s s t  
a p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s l t d f v q y p a v q t g g s y  
m g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e e m s e n k  
t a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s c e s e k k s e t t l y s t t s y l r v n  
e s e w k s e e v t f t c v f e n k a g n v r r t v g y t s s d a g p v h g h s v v i t i i e p s l e d m l m n k k a  
e l v c d v i e l v p g f m s v k w e n d n g k t l t s r k g v t d k i a i l d i t y e
VH VIII-3 (X81503)
q i v l t q a e s v q g t p a g s l k l t c a c s g f t l s s t n m f w i r q a p g k g l e w i i y y y s d s d k s n  
a p v v q g r f t a s k d s s n f y l h m s q l k p e d s a e y y c a y m g a n y f d y w g k g t m v t v s t a s s t  
a p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s l t d f v q y p a v q t g g s y  
m g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e e m s e n k  
t a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s c e s e k k s e t t l y s t t s y l r v n  
e s  e w k s  e e v t  f  t  c v f  e n k a g n v r r  t v g y t  s  s d a g p v h g h s v v i  t  i  i  e p s 1 e d m l m n k k a  
e l v c d v i e l v p g f m s v k w e n d n g k t l t s r k g v t d k i a i l d i t y e
VH IX-1 (X81504)
q s l t s s e s w k s p g e s v t l s c t v s g f s m d s y y m h w i r q k p g k g l e w i g l i d t g t g t v f a  
q s r q g q f t i t k d n s k n q l y l e v k s l k t e d s a v y y c a r g p i f d y w g k g t q v t i t s a s s t a  
p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s l t d f v q y p a v q t g g s y m  
g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e e m s e n k t  
a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s c e s e k k s e t t l y s t t s y l r v n e  
s e w k s e e v t f t c v f e n k a g n v r r t v g y t s s d a g p v h g h s v v i t i i e p s l e d m l m n k k a e  
l v c d v i e l v p g f m s v k w e n d n g k t l t s r k g v t d k i a i l d i t y e
124
VH IX-2 (X81505)
q s l t s s e s v v k k p g e s v t l s c t v y g f s m g s y y m h w i r q k p g k g l e w i g r i d t g t g t v f a  
q s l q g q f  t  i  t k d n s k n q l y l e v k s l k t e d s a v y y c a r n d n y f d y w g k g t m v t v s  t a s s  t  
a p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s l t d f v q y p a v q t g g s y  
m g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e e m s e n k  
t a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s e e s e k k s e t t l y s t t s y l r v n  
e  s  e w k s  e  e v t  f  t  c v f  e n k a g n v r r  t v g y t  s  s  d a g p v h g h s w i  t i l e p  s 1 e d m l m n k k a  
e l v c d v i e l v p g f m s v k w e n d n g k t l t s r k g v t d k i a i l d i t y e
VH IX-3 (X81507)
q s l t s s e p v v k r p s e s v t l s c t v s g f s m g s y w m q w i r q k p g k g l e w i g f i s t g t t a y y a  
q s l q g q f t i t k d t s k n q l y l e m k s l r t e d s a v y y c a r g a p h y f d y w g k g t m v t v s t a s s  
t a p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s l t d f v q y p a v q t g g s  
y m g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e e m s e n  
k t a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s c e s e k k s e t t l y s t t s y l r v  
n e s e w k s e e v t f t c v f e n k a g n v r r t v g y t s s d a g p v h g h s v v i t i i e p s l e d m l m n k k  
a e l v c d v i e l v p g f m s v k w e n d n g k t l t s r k g v t d k i a i l d i t y e
VH X-l (X81508)
d i e l i q s g p v v i e p g v s f s i s c k f s g f s i s s y c l g w i r q a e g k a l e h v g v t c s s s t y t v  
d s l k s k i t s r y d s s s s t v f l q g n n f q t e d t a v y y c a r s p y s g y y f d y w g k g t q v t i t s a  
s s t a p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s l t d f v q y p a v q t g  
g s y m g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e e m s  
e n k t a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s c e s e k k s e t t l y s t t s y l  
r v n e s e w k s e e v t f t c v f e n k a g n v r r t v g y t s s d a g p v h g h s v v i t i i e p s l e d m l m n  
k k a e 1v e d v i  e 1v p g  f m s v k w e n d n g k 1 1 1 s  r k g v t d k i  a i I d i  t y e
VH X-2 (X81498)
d i e l i q s g p v v i e p g v s f s i s c k f s g f s i s s y c l g w i r q a e g k a l e h v g v t c s s s t y t v  
d s l k s k i t s r y d s s s s t v f l q g n n f q t e d t a v y y c a r s p y s g y y f d y s p k g t q v t i t s a  
s s t a p t l f p l a q c g s g t g d m m t l g c i a t g f t p a s l t f k w n d e g g n s l t d f ' v q y p a v q t g  
g s y m g v s q l r v k r a d w d s k k f e c a v e h s a g s k k v p v k k q p e y l q q p s l y v m t p s k e e m s  
e n k t a s f a c f a n d f s p r t h t i k w m r m e k g t e q e w s d f k s s c e s e k k s e t t l y s t t s y l  
r v n e s e w k s e e v t f t c v f e n k a g n v r r t v g y t s s d a g p v h g h s w i t i i e p s l e d m l m n  
k k a e l v c d v i e l v p g f m s v k w e n d n g k t l t s r k g v t d k i a i l d i t y e
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